Oxidation of organic compounds in combustion and in Earth's troposphere is mediated by reactive species formed by the addition of molecular oxygen (O 2 ) to organic radicals. Among the most crucial and elusive of these intermediates are hydroperoxyalkyl radicals, often denoted "QOOH." These species and their reactions with O 2 are responsible for the radical chain branching that sustains autoignition and are implicated in tropospheric autoxidation that can form low-volatility, highly oxygenated organic aerosol precursors. We report direct observation and kinetics measurements of a QOOH intermediate in the oxidation of 1,3-cycloheptadiene, a molecule that offers insight into both resonance-stabilized and nonstabilized radical intermediates. The results establish that resonance stabilization dramatically changes QOOH reactivity and, hence, that oxidation of unsaturated organics can produce exceptionally long-lived QOOH intermediates.
Oxidation of organic compounds in combustion and in Earth's troposphere is mediated by reactive species formed by the addition of molecular oxygen (O 2 ) to organic radicals. Among the most crucial and elusive of these intermediates are hydroperoxyalkyl radicals, often denoted "QOOH." These species and their reactions with O 2 are responsible for the radical chain branching that sustains autoignition and are implicated in tropospheric autoxidation that can form low-volatility, highly oxygenated organic aerosol precursors. We report direct observation and kinetics measurements of a QOOH intermediate in the oxidation of 1,3-cycloheptadiene, a molecule that offers insight into both resonance-stabilized and nonstabilized radical intermediates. The results establish that resonance stabilization dramatically changes QOOH reactivity and, hence, that oxidation of unsaturated organics can produce exceptionally long-lived QOOH intermediates.
O xidation of organic compounds in such disparate processes as secondary organic aerosol (SOA) formation in Earth's troposphere (1) (2) (3) and fuel autoignition in internal combustion engines (4) is governed by a surprisingly similar set of reactive intermediates. At the heart of low-temperature oxidation are chain reactions initiated by peroxy radicals, ROO (4, 5) . These oxygen-centered radicals are formed when O 2 adds to an organic radical, R, initially formed by either hydrogen abstraction from RH or addition of radicals (primarily OH) to p bonds between carbon atoms. It is well established that isomerization of ROO to a carbon-centered hydroperoxyalkyl radical (typically denoted as QOOH) can occur via intramolecular hydrogen abstraction, and in many cases this isomerization step profoundly influences the rate and effect of the oxidation reaction (4, (6) (7) (8) .
Unimolecular decomposition of QOOH can produce a reactive OH radical and therefore plays an important role in radical chain propagation. More important, reaction of QOOH with O 2 can form OOQOOH intermediates that may subsequently decompose, yielding two OH radicals. This mechanism is regarded as the most important radical chain-branching step in hydrocarbon oxidation below~900 K (4). In combustion, understanding low-temperature chain branching is critical for improving efficiency through new engine designs in which ignition is controlled by fuel oxidation chemistry (autoignition) (9) . In the tropospheric context, recent studies suggest that facile isomerization of ROO to QOOH in the oxidation of isoprene (2, (10) (11) (12) and other biogenic hydrocarbons (13-15) may participate both in the generation of low-volatility SOA precursors (1, 8, 16) and in HO x regeneration over remote (low-NO x ) areas (11, (17) (18) (19) (20) .
Despite this awareness of the importance of QOOH intermediates, they have eluded direct experimental detection. With one exception (21) studies of QOOH reactivity rely on measurements that necessarily involve complex assumptions about the reaction mechanism. Routine theoretical calculations of QOOH + O 2 kinetics are hindered by the large size of these systems and the absence of a saddle point separating QOOH + O 2 from OOQOOH, necessitating extensive and computationally demanding sampling of the potential energy surface (PES). Theoretical predictions of QOOH + O 2 rate coefficients are thus scarce (21) (22) (23) (24) , and direct experimental measurements combined with theory and modeling are critical for a detailed understanding of this class of chemical reactions.
The PESs for hydrocarbon oxidation reactions illustrate why direct observation of QOOH is fundamentally difficult. For reactions governing alkane oxidation, exemplified by the 2-butyl + O 2 reaction shown in Fig. 1 (red path), QOOH intermediates generally lie higher in energy than ROO, with equilibrium heavily favoring the latter (25) . Here, barriers to unimolecular decomposition of QOOH generally lie at or even below SCIENCE sciencemag.org the reactant (R + O 2 ) energy. At atmospheric conditions (i.e., 300 K and 1 atm), much of the flux from R + O 2 is stabilized in the deep ROO well. In the low-temperature oxidation regime in combustion (i.e., 500 to 900 K), isomerization of ROO becomes rapid, resulting in substantial flux through QOOH. However, rapid decomposition, isomerization, and reaction with O 2 typically remove QOOH faster than it is formed.
Molecular structure can substantially affect QOOH reactivity. In particular, pathways in which R and/or QOOH exhibit resonance stabilization are common in oxidation of carbonyl-containing molecules and unsaturated hydrocarbons (8, 11, 26) . For example, for 3-pentanone, a model system for autoxidation in the troposphere (8) and a potential biofuel (27) , vinoxylic resonance stabilization in R has two significant effects on the R + O 2 PES (Fig. 1 , blue path) when compared with alkyl + O 2 systems. First, resonance stabilization in R results in a smaller well depth for ROO, which cannot be resonance stabilized. Second, resonance stabilization of QOOH makes it nearly isoenergetic with ROO and increases barrier heights for unimolecular decomposition.
Here, we report direct detection of a resonancestabilized QOOH intermediate formed during oxidation of the cyclic unsaturated hydrocarbon 1,3-cycloheptadiene (c-C 7 H 10 , c-hpd). As shown in Fig. 2 , abstraction of one of the alkylic (a) or allylic (b) H atoms from c-hpd leads to two starting points on the R + O 2 (c-C 7 H 9 + O 2 ) PES: the non-resonance stabilized R a or the doubly allylic resonance-stabilized R b radicals. Although numerous pathways are possible from these two entry points [figs. S14 and S15], electronic structure calculations suggest that the kinetically most favored pathways from both entrance channels lead to the same doubly allylic, resonance-stabilized QOOH intermediate (2-hydroperoxy-4,6-cycloheptadienyl, QOOH ab ), as shown in Fig. 1 (black and gray paths) . The double resonance stabilization of QOOH ab lowers its energy below that of R a OO and R b OO. Our experiments produce both R a and R b , enabling investigation of both nonstabilized and resonancestabilized R in this system.
We characterized QOOH ab spectroscopically and performed direct kinetics measurements of its reaction with O 2 at 400 K and 10 Torr using photoionization mass spectrometry with synchrotrongenerated tunable vacuum ultraviolet ionizing radiation. This method, described in the supplementary materials (SM), provides simultaneous kinetic and spectroscopic identification of multiple species in a reacting gas mixture. The experiments are complemented by kinetic modeling using quantum chemical calculations and timedependent master equation rate coefficient calculations. In experiments, R a and R b were generated in roughly similar yields, based on predictions from structure-activity relationships [see (28) and the SM], via abstraction of H atoms from c-hpd by Cl radicals. The reactions are initiated by pulsed 351-nm laser photolysis of a gas mixture containing c-hpd, Cl 2 , varying amounts of O 2 (in sufficient excess to ensure pseudo-first-order conditions), and He as a buffer gas. In the presence of O 2 , we observed a transient reaction product at mass-to-charge ratio (m/z) = 125.06, corresponding to the sum formula C 7 H 9 O 2 , consistent with ROO and/or QOOH (Fig. 3 inset and SM) . Different C 7 H 9 O 2 isomers (e.g., ROO and QOOH) could be identified by their characteristic photoionization spectra. A photoionization spectrum of C 7 H 9 O 2 (Fig. 3) (Fig. 3) shows increased ion signal above ∼8.5 eV, consistent with contributions from ROO species, which are less reactive than QOOH and therefore persist to longer times. Examining the underlying C 7 H 9 O 2 PES and comparing experimental results to a kinetic model of this reaction system (SM) confirms this interpretation and affords additional mechanistic details. This model combines master-equation calculated rate coefficients of reactions on the C 7 H 9 O 2 PES with kinetic parameters for R + R, RH + Cl, R + Cl 2 , and others taken from literature measurements of analogous reactions. Because the experiment provides time profiles and photoionization spectra for many species, comparison with the detailed model is a rigorous test of the experimental reaction system. Although we observe several [O 2 ]-dependent signals that likely reflect products formed from QOOH ab consumption, they cannot be definitively assigned.
The R + O 2 PES shown in Fig. 1 and master equation rate coefficients reported in table S3 provide the necessary framework for understanding the observed QOOH ab kinetics. Although the R a + O 2 ⇌ R a OO addition step is barrierless and the R a OO ⇌ QOOH ab isomerization barrier is lower in energy than R a + O 2 , kinetic modeling suggests that pathways from the more stable R b radical are the major source of QOOH ab production (see fig. S21 ). The R a OO potential well is rather deep (-33 , not shown in Fig. 1 (11, 12) and a/b-pinene (13, 14) ]. This small rate coefficient for reaction with O 2 implies a long lifetime of the resonance-stabilized QOOH ab , suggesting that QOOH photochemistry and bimolecular reactions with minor species such as HO x and NO x may need to be considered. In the general case, both R and QOOH are carboncentered radicals, and it is often assumed that these species exhibit similar reactivity toward O 2 (30) . However, we find that the rate coefficient for QOOH ab + O 2 is~10 times as large as in the analogous R b + O 2 reaction. This finding suggests reexamination of assumed equivalences between rate coefficients for R + O 2 and QOOH + O 2 reactions used in many organic oxidation models (31, 32) .
In addition to a tunneling-mediated ROO → QOOH pathway (12), we have revealed a chemically activated mechanism as an important source of QOOH production in c-hpd oxidation with resonance-stabilized R and QOOH species. Although chemical activation is more prominent at low pressure, there is evidence for this type of mechanism in the troposphere (33) . Current tropospheric models underpredict HO x regeneration by isoprene oxidation in pristine environments (18) , and a recently proposed mechanism suggests that ROO ⇌ QOOH isomerization pathways are a substantial source of this missing HO x (11, 12) . Like the c-hpd system investigated here, oxidation of isoprene proceeds through resonancestabilized initial radicals (isoprene-OH adducts) that undergo peroxy chemistry, with the lowestenergy pathways leading to resonance-stabilized QOOH intermediates. The direct detection and kinetic determination provided here give experimental benchmarks for reactivity of resonancestabilized QOOH and suggest that such radicals, including those proposed in formation of SOA precursors (8) , may be relatively long-lived in the troposphere and in combustion systems.
